The effects of resuscitation fluids on the brain have been investigated in previous studies by global measurements of cerebral blood flow and metabolism. In this study we have examined the effects of a novel haemoglobin-based oxygen carrier on local cerebral blood flow (LCBF) and local cerebral glucose utilization (LCGU) after resuscitation from a volume-controlled haemorrhage of 30 min (3.0 ml/100 g body weight) with ultrapurified, polymerized, bovine haemoglobin (UPBHB). LCBF and LCGU were measured in 34 brain structures of conscious rats 2 h after resuscitation using quantitative iodo( 14 C)antipyrine and 2-( 14 C)-deoxy-D-glucose methods. The data were compared with a control group without haemorrhage and fluid resuscitation. In the haemorrhage group, LCBF increased after resuscitation by 12-56% in the different brain structures (mean 36%). LCGU changed less (0 to +18%, mean + 9%). In the control group there was a close relationship between LCGU and LCBF (r = 0.95). After fluid resuscitation the relationship was preserved (/• = 0.95), although it was reset at a higher ratio of LCBF to LCGU (P < 0.05). We conclude that fluid resuscitation of a 30 min volumecontrolled haemorrhage using the haemoglobinbased oxygen carrier, UPBHB, induced a moderate degree of heterogeneity in the resulting changes of LCGU and LCBF. Local disturbances of cerebral blood flow or metabolism were not observed. (Br.
In recent years several artificial oxygen carriers derived from human or animal haemoglobin preparations have been shown to yield adequate systemic oxygen delivery in haemodilution and haemorrhage [1, 2] . Recently, we demonstrated, using autoradiographic techniques that the circulatory and metabolic demands of brain tissue in conscious rats can be met after almost total blood exchange (packed cell volume (PCV) <3%) with an ultrapurified, polymerized, bovine haemoglobin solution (UPBHB) [3] . In the present study, we have attempted to investigate if these findings can be applied to the use of UPBHB in fluid resuscitation from haemorrhage. Potential damage to brain tissue after resuscitation with UPBHB from haemorrhagic hypovolaemia can arise from persistent decrease in microcirculatory perfusion or from specific potential hazards associated with haemoglobin-based oxygen carriers. Because modified haemoglobin has direct access to the endothelium, it may interact with endotheliumderived vascular relaxation [4, 5] . In addition, the oxygen binding characteristics of modified haemoglobin differ from those of normal haemoglobin. This may result in circumscribed areas of local ischaemia or disturbed metabolism in the brain which might not be detected by global measurements of cerebral blood flow and metabolism. Therefore, regional cerebral effects of fluid resuscitation from haemorrhage with haemoglobin-based oxygen carriers have to be evaluated in detail. Subsequently, direct comparison with other resuscitative measures using more global assessments of circulatory and metabolic status of brain tissue may be appropriate. In the present study, we have used a recently described haemorrhage model of conscious animals [6, 7] . In contrast with the frequently used pressurecontrolled haemorrhage models which aim at defined impairment of cerebral perfusion by decreasing mean arterial pressure below the cerebral autoregulatory threshold, this model is volume-controlled (removal of about 50% of the animal's circulating blood volume). Thus the model preserves physiological responses to haemorrhage and closely mimics the clinical situation in which arterial pressure is a dependent variable. Local cerebral blood flow (LCBF) and local cerebral glucose utilization (LCGU) were measured by means of quantitative autoradiographic iodo( after fluid resuscitation from haemorrhage with the haemoglobin-based oxygen carrier UPBHB.
Materials and methods

ANIMALS
The experiments were performed on 24 male Sprague-Dawley rats weighing 256-390 g (Zentralinstitut fur Versuchstierzucht, Hannover, Germany). They were maintained under temperature-controlled environmental conditions on a 14:10 light:dark cycle. The animals were fed a standard diet (Altromin C 1000, Lage, Germany) and allowed free access to food and water.
SURGICAL PROCEDURE
The experimental design is outlined in figure 1 . The rats were placed into a small box and anaesthetized by inhalation of a gas mixture of 1.0-2.0% halothane, 60-70% nitrous oxide and oxygen (remainder). Anaesthesia was maintained during surgery by inhalation of the gas mixture via a nose cone. Body temperature was maintained at 37-37.5 °C using a temperature-controlled heating pad. Polyethylene catheters (PE-50) were inserted into the right femoral artery and vein. After surgery the animals were placed in a rat restrainer (Braintree Scientific, Braintree, MA, USA). A period of 45 min was allowed for recovery from the effects of anaesthesia. Arterial pressure was monitored continuously by a quartz pressure transducer (HewlettPackard, Palo Alto, CA, USA).
EXPERIMENTAL PROCEDURE
The UPBHB solution ( (table 2) . Afterwards, rats in group 1 were subjected to haemorrhage of 3.0 ml/100 g body weight by controlled arterial bleeding (1 ml min" 1 ) via the femoral arterial catheter according to a recently described model [6, 7] . Blood withdrawal was followed by a haemorrhage state of 30 min. After this period, intravascular volume was repleted by infusion of UPBHB 1 ml min" 1 in an amount equal to the volume of shed blood. After fluid resuscitation (group 1) the animals remained in the rat restrainers for 2 h or after recovery from anaesthesia (group 2) for 3 h until either iodo( In group 1, physiological variables were determined after recovery from anaesthesia, that is before induction of haemorrhage (baseline values), at the end of the 30-min haemorrhage state, 15 min after fluid resuscitation, and 2 h after fluid resuscitation (table 2). Measurements in the control group (group 2) were performed after recovery from anaesthesia (comparable with baseline values in the haemorrhage group). Further measurements of physiological variables were not performed as physiological variables did not change significantly over this period [unpublished data]. Haemorrhage was commenced in the experimental group directly after baseline measurements. Arterial pH, Po 2 and Pco 2 were measured using a pH/blood-gas analyser (AVL Gas Check 939, Graz, Austria). Percent oxyhaemoglobin (5ao 2 ) and the methaemoglobin fraction of UPBHB (table 1) were measured using a haemoximeter (OSM 3, Radiometer, Copenhagen, Denmark). Total oxygen content of whole blood (Ca^ was calculated as (1.34 x Sao x total Hb) + Po 2 x 0.003. PCV was determined by capillary tube centrifugation. Plasma glucose and blood haemoglobin concentrations were measured spectrophotometrically by the hexokinase-glucose-6-phosphate dehydrogenase (Glucoquant, Boehringer Mannheim, Mannheim, Germany) and the haemoglobin cyanide methods (Haemoglobin Merckotest, E. Merck Darmstadt, Germany), respectively. Chloride concentrations of UPBHB were measured by a coulometric method (Eppendorf chloride meter, Netheler and Hinz, Hamburg, Germany). Sodium and potassium concentrations in UPBHB were measured using a flame (11) 143 (7) 3.8 (0.6) 138(9) < 68000 (< 50 % of total protein)* > 500000 (< 10% of total protein)* photometer (flame photometer 480, Ciba-Corning Diagnostics, Fernwald, Germany). Oncotic pressure of UPBHB was determined using a colloid osmometer with a 20-kD membrane (Osmomat 050, Gonotec, Berlin, Germany). For measurement of LCGU [9] and LCBF [8] , standard autoradiographic techniques were used, as described previously [3] .
LCGU or LCBF was measured in two groups of six conscious rats during untreated control conditions. In addition, two other groups of six conscious rats were analysed after blood exchange with UPBHB.
STATISTICAL ANALYSIS Statistical differences were evaluated by analysis of variance, paired and unpaired t tests, with Bonferroni correction for multiple comparisons applied to appropriate data. The overall relationship between LCGU and LCBF in different regions of the brain was assessed by the least-squares fit of the data to y = ax + b where x = mean LCGU in a given region and y = mean LCBF in that area. Because of the limitations of the type of analysis, an additional, more rigorous statistical approach was used [10] . This test uses log-transformed data and examines the relationship between LCGU and LCBF by repeated measure of analysis of variance. In addition, inter-animal variability is considered and detection of heterogeneities of the relationship between LCGU and LCBF is possible. The BMDP2V computer program (version 1990) was used for this analysis (BMDP Statistical Software Inc, Los Angeles, CA, USA).
Results
All animals survived the haemorrhage. Progressive hypovolaemia induced transient excitation and at the end of blood withdrawal all animals in the haemorrhage group appeared to be in a lethargic state. After fluid resuscitation with UPBHB there were no signs of discomfort, stress, abnormal behaviour patterns or adverse reactions in group 1.
PHYSIOLOGICAL VARIABLES There were no differences between baseline values of both groups whereas haemorrhage induced profound changes in physiological variables (table 2) . Marked decreases in mean arterial pressure (MAP) and Caŵ ere accompanied by development of metabolic acidosis which was compensated by a decrease in arterial Pco 2 . Plasma glucose concentration increased markedly ( + 82%). Haemoglobin concentration, PCV and Ca^ declined to approximately two-thirds of baseline values. Fifteen minutes after resuscitation with UPBHB, MAP had recovered whereas Ca^ remained at 70% of baseline values. Two hours after fluid repletion, Ca^ had increased to 78% of baseline values. Acid-base status and plasma glucose concentration were normalized compared with baseline values, whereas the differences in MAP ( + 21 %) and heart rate (-15 %) persisted.
LOCAL CEREBRAL BLOOD FLOW LCBF was measured in 34 brain structures of the control and haemorrhage groups (table 3). After fluid resuscitation with UPBHB, LCBF increased significantly in most of the brain structures with the exception of the hypothalamus, globus pallidus, internal capsule and the genu of corpus callosum. Table 2 Mean (SD) physiological variables in the haemorrhage and control groups at baseline (45 min after the end of anaesthesia), at the end of haemorrhage (30 min after the end of blood withdrawal) and 15 and 120 min after resuscitation. Significant differences (P < 0.05): *compared with baseline in the haemorrhage group; + 120 min vs 15 min post-resuscitation; +baseline in the control group vs 120 min post-resuscitation in the haemorrhage group. There were no significant differences between baseline values in the haemorrhage and control groups, n <= Number of animals The average increase in LCBF in all structures was 36%. The maximum increase was 56% in the parietal cortex.
LOCAL CEREBRAL GLUCOSE UTILIZATION LCGU (table 4) was measured in 34 brain structures identical to those in which LCBF was determined, although in a different group of animals. Fluid resuscitation with UPBHB caused a moderate increase or no change in LCGU. Mean LCGU in all brain structures investigated increased significantly by 9%. The maximum increase occurred in the dentate nuclei (18 %). In contrast with LCBF which was increased significantly in most brain structures investigated, LCGU was raised significantly in only 12 brain structures.
COUPLING BETWEEN LCBF AND LCGU The relationship between LCGU and LCBF is plotted in figure 2 . A close correlation was found between LCGU and LCBF in both control and post-resuscitation conditions. Fluid resuscitation did not affect the coupling between blood flow and glucose utilization, as indicated by identical correlation coefficients in the haemorrhage and control groups (r = 0.95). As the increase in blood flow observed after fluid resuscitation was not accompanied by a comparable increase in glucose utilization, the overall ratio of LCBF to LCGU increased from l.Smlumol" 1 in the control group to 2.1 ml umol" 1 after resuscitation with UPBHB (P < 0.05).
Discussion
We have found that resuscitation from haemorrhage with UPBHB induced a moderate degree of heterogeneity in the changes in cerebral blood flow and metabolism. Regional disturbances in cerebral metabolism could not be detected whereas cerebral blood flow increased in all brain structures analysed.
In this study, the functional state of the brain tissue was assessed by measurement of LCGU and Table 4 Local cerebral glucose utilization during control conditions and 120 min after resuscitation from haemorrhage with UPBHB (mean (SD)). *P < 0.05 compared with control, n = Number of animals (9) 92 (8) 94 (12) 46 (6) 70 (10) 121 (19) 68 (6) 50 (8) 90 (11) 57 (8) 76 (7) 37 (4) 69 (8) 71 (9) 61 (6) 52 (6) 54 (4) 57 (5) 46 (4) 40 (6) 43 (4) 81 (7) 65 (8) 89 (12) 103 (11) 77 (6) 86 (7) 80 (9) 48 (5) 23 ( (15) 48 (5) 77 (10) 133 (12) 72 (7) 54 (5) 98 (7) 64 (9) 86 (5) LCBF. These methods yield direct information about local metabolic state and blood supply. Furthermore, these local methods may be more suited for evaluation of the functional state of the brain than global methods of measuring oxygen consumption and oxygen delivery as these may not be sensitive enough to detect local changes. In addition, decreased regional unloading of oxygen from haemoglobin-based blood substitutes [11, 12] resulting in reduced local oxygen supply also may not be apparent from global values of oxygen consumption or delivery. In contrast, local metabolic derangements in brain tissue may show up in LCGU.
Anaerobic glycolysis resulting from inadequate cerebral oxygen delivery or decreased unloading of oxygen from haemoglobin has been shown to result in marked increases in LCGU [13, 14] . In the present study, there were no indications of anaerobic glycolysis as marked increases in LCGU could not be detected after resuscitation with UPBHB. The moderate increase in LCGU in several brain structures after resuscitation appeared to be too small to indicate a considerable degree of anaerobic glycolysis. This conclusion can be extended from the 34 brain structures analysed to all other brain areas which were visible in the autoradiograms. Visual inspection of the autoradiograms did not reveal any brain structure in which LCGU appeared to increase markedly.
In contrast with LCGU, LCBF increased to a greater degree (mean 36%) after resuscitation. As arterial oxygen content decreased after resuscitation (table 2), the increase in LCBF in all brain structures may have compensated for the decrease in arterial oxygen content to maintain cerebral oxygen delivery. It may be calculated that the increase in cerebral blood flow necessary after resuscitation was 36%. Hence, cerebral blood flow after resuscitation increased to the level which was necessary to maintain constant oxygen delivery to brain tissue. The increase in LCBF varied from 12% (internal capsule) to 56% (parietal cortex). It is not clear if these local differences reflect local variations in oxygen demand of brain tissue, changes in blood viscosity after resuscitation from haemorrhage with UPBHB or local differences in vascular reactivity to haemorrhage and fluid resuscitation. The increase in cerebral blood flow observed after resuscitation in the present study may be caused by an increase in arterial pressure. However, this increase was relatively small (mean 131 mm Hg after resuscitation of haemorrhage compared with 106 mm Hg in the control group) and did not exceed the range of cerebral autoregulation [15] . This increase can therefore be excluded as the main cause of the increase in cerebral blood flow observed. The most likely explanation for this change is an inhibitory effect of UPBHB on endothelium-derived vascular relaxation. Under physiological conditions, haemoglobin is localized nearly exclusively within the erythrocytes. Intravascular fluid repletion with UPBHB allows free haemoglobin to circulate in remarkable concentrations (table 1) and to interact with the vascular endothelium. Free haemoglobin inactivates the main endothelium-dependent relaxing factor, nitric oxide (NO), by high affinity binding of NO to the haem moiety of haemoglobin [5] . Consequently, solutions containing free haemoglobin have recently been shown to induce local and generalized vasoconstriction [16] . Further support comes from the findings of pharmacological studies of NO synthase inhibitors which have been shown to cause increases in arterial pressure and decreases in heart rate, as observed in the present study [17, 18] . A reduction in cerebral blood flow has also been reported to occur after systemic administration of NO synthase inhibitors [19] . Cerebral blood flow might also be reduced by the hypocapnia observed after resuscitation with UPBHB. It may be concluded that these two influences (inactivation of 527 NO, decrease in Pco 2 ) which would decrease cerebral blood flow were opposed by vascular regulation which compensated for the lowered oxygen content of blood after resuscitation.
Under physiological conditions cerebral function is closely and locally coupled to cerebral blood flow and metabolism [20] . Therefore, moderate increases in LCGU, as observed in the present study after resuscitation, should induce moderate increases in LCBF. However, we found that the increases in LCBF exceeded the increases in LCGU which resulted in a significant resetting of the correlation between LCGU and LCBF. A resetting of the relationship between LCGU and LCBF is well known to occur under different experimental conditions, such as infusion of catecholamines [21] and metabolic acidosis [22] . The cause of the resetting observed in the present study remains unknown, although decreased oxygen delivery to the brain could have caused the observed increases in cerebral blood flow.
In summary, we have shown that resuscitation of haemorrhage of 3.0 ml/100 g body weight with an ultrapurified, polymerized, bovine haemoglobin solution induced moderate variations in regional responses of cerebral blood flow and metabolism. The local metabolic demands of the rat brain were met by compensatory local increases in blood flow which appeared to maintain cerebral oxygen delivery in each brain structure.
